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Abstract

Leaf phenology of trees responds to temperature and photoperiod cues, mediated by un-
derlying genes and plasticity. However, uncertainties remain regarding how smaller-scale
phenological variation in cold-limited regions has been affected by modified selection
pressures from herbivores, pathogens, and climate conditions, and whether this leaves
genetic signatures allowing for projections of future responses. We investigated environ-
mental correlates and genetic variation putatively associated with spring and autumn
leaf phenology in northern range margin oak (Quercus robur L.) populations in Sweden
(55.6◦ N–60.8◦ N). Results suggested that budburst occurred later at higher latitudes and
in locations with colder spring (April) temperatures, whereas leaf senescence occurred
earlier at higher latitudes. Several candidate loci associated with phenology were identified
(n = 40 for budburst and 47 for leaf senescence), and significant associations between
these loci and latitude were detected. Functions associated with some of the candidate
loci, as identified in previous studies, included host defence and heat stress tolerance.
The proportion of polymorphic candidate loci associated with budburst decreased with
increasing latitude, towards the range margin. Overall, the Swedish oak population seems
to comprise genetic diversity in phenology-related traits that may provide resilience to a
rapidly changing climate.

Keywords: climate change; evolution; genetic variation; genotype–phenotype association;
leaf phenology; Quercus robur

1. Introduction
Leaves are the part of the tree that is responsible for photosynthesis and thereby a

necessary component for the uptake of carbon and assimilation into growth. The period
of the year when photosynthesis takes place, as indicated by visible changes to the leaves
during the year, may be termed the ‘phenological growing season’ [1]. For deciduous trees,
these changes include the emergence of leaves in spring and the loss of greenness and
often leaf abscission in the autumn. Because this cycle is a response to seasonally varying
conditions, it is generally annual in temperate deciduous species [1]. For deciduous trees
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that persist in temperate regions where they experience temperatures that are harmful to
their leaves during large parts of the year, a key adaptation is the timing of the phenological
growing season [2]. Further, the ability to regulate the start and end of this season has been
cited as a determinant of the range limits of deciduous species ([3]; but see also [4], who
argue against the direct role of temperature).

In a larger perspective, understanding how leaf phenology responds to temperature is
relevant to understanding the potential short-term adaptive response of forests to climate
change [5]. Earth systems models predict that the Swedish climate will become warmer,
which is likely to be associated with phenological shifts, including advancements and
postponements of spring phenology and autumn phenology, respectively [6]. This will
likely result in longer growing seasons, with the direction and magnitude of these trends
varying between species and according to location [7]. Climate change is expected to result
in modified selection pressures and concomitant changes in the alleles that are beneficial in
a given part of the species range [8]. Southern and mid Sweden are of particular interest,
as these regions include the northern range margin of Quercus robur (L.), and because the
variability and magnitude of temperature increase are expected to be higher at high-latitude
regions [9]. Therefore, describing allelic variation in the loci putatively associated with leaf
phenology may help identify potentially vulnerable parts of the population and inform
future conservation efforts [10].

1.1. Background

The response of budburst timing to temperature and photoperiod may be complemen-
tary. Experimental evidence based on cuttings from Q. robur and the sessile oak (Quercus
petraea (Matt.) Liebl.) suggests that a longer photoperiod accelerates budburst, and that
the effect of photoperiod may be dampened by chilling [11,12]. This may indicate that
sensitivity to photoperiod diminishes past a certain stage of bud development [12]. Addi-
tional factors that may affect the timing of budburst in trees include precipitation (Kuster
et al. [13] (but see Morin et al. [14], who find no effect)), humidity [15], soil nutrients [16],
and CO2 concentration [17]. However, these factors are only expected to explain a minor
share of the total regional variation in budburst [13,18,19].

For leaf senescence, photoperiod has been identified as the primary source of lat-
itudinal variation, with temperature being less important [20]. However, there is less
research on the drivers of variation in leaf senescence compared with budburst, and these
are more poorly understood [21]. Besides insolation, leaf senescence is influenced by soil
moisture, precipitation, and temperature in the month preceding senescence [22], as well
as the pathogen load [23]. Similar to budburst, the drivers of leaf senescence seem to vary
between species [19]. Several authors also report a positive association between the timing
of budburst and leaf senescence within populations on scales up to European-wide [24–26],
but it should be noted that this pattern has been found to vary depending on the timing of
spring warming, possibly due to an interaction with photoperiod [27].

The timing of budburst and leaf senescence onset has consequences for the growth of
the tree [28]. Mistiming budburst in spring with respect to the occurrence of frost can be
devastating due to the severe cost of shooting reserve buds [29]. Such mistiming will likely
become more frequent in the impending climate because of advancing budburst, more
variable spring temperatures [30], and increased risk of frost during the early stages of leaf
emergence when the leaves are less freeze-tolerant [31]. Biotic stressors such as herbivory
and fungal infection have also been identified as sources of leaf damage with negative
implications for tree growth [32], as well as fecundity [33]. The extent of defoliation and
fungal infection endured may also depend on the phenological synchrony between the tree
and the biotic stressors, something that is predicted to change due to differing phenological
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responses to future temperature changes [34]. In autumn, mistiming leaf senescence may
also induce frost damage and a lost opportunity to reabsorb nutrients [20]. However, the
body of the literature investigating frost damage in spring is much larger than that which
is concerned with autumn mismatch, possibly because the consequences of frost damage
for the tree are assumed to be more severe in spring [35].

Multiple studies in which seeds of varying provenance have been reared in com-
mon gardens report significant heritability in budburst in Q. robur and Q. petraea [36,37].
Heritability is the potential for future responses of a trait to selection, as well as that of
genetically correlated traits [38], and it has been suggested that defences to biotic stressors
have a genetic basis [39,40]. Additionally, it has been found that variation in the relative
timing of budburst and leaf senescence among individuals within stands is largely consis-
tent between years [24,25], which may reflect genetic differences [25]. It has further been
suggested that among the adaptive responses to herbivory and fungal infection are shifts
in leaf phenology that induce mismatch [41].

Evidence is also accumulating that a sizable share of the regional variation in leaf
phenology has an underlying genetic basis. Using targeted sequencing of genes associated
with leaf phenology by differential gene expression [42–44], it has been possible to test
for associations of these genes with spatial patterns and environmental drivers [45]. After
finding associations between a subset of these genes and timing among the sampled indi-
viduals, Alberto et al. [45] also report significant associations with latitude and temperature,
interpreted as signatures of adaptation in genes associated with leaf phenology. The dis-
tribution of Q. robur in Sweden spans a substantial latitudinal gradient in seasonality and
the length of the growing season, and the range edge occurs in the transition between the
boreo-nemoral and the boreal zones (dominated by conifers) [46]. Therefore, the Swedish
Q. robur population represents an important part of the species range for investigating
adaptations in leaf phenology.

1.2. Aims and Hypotheses

The overarching aim of this study was to increase the understanding of the drivers
of genetic variation associated with leaf phenology by identifying genetic signatures asso-
ciated with phenological traits and investigating geographic patterns across the species’
distribution range in Sweden. The aim was broken down into the following sub-aims:
(i) temperature and latitude are cues of leaf phenology, and leaf senescence has been found
to covary with budburst, so these were investigated for the Swedish range; (ii) functions
related to leaf phenology and its drivers were identified among the loci associated with
relative leaf phenology; and (iii) signatures of selection were explored among the candidate
loci, as spatial heterogeneity in temperature and other suggested drivers exists in the
Swedish range.

2. Materials and Methods
2.1. Study Species, Sampling Locations, and Data Collection

Quercus robur is a monoecious tree that disperses its pollen by wind and seeds by
animals and gravity [47]. Previous studies suggest that they are predominantly outcross-
ing, and the share of paternity from trees within the stand may depend on the topogra-
phy [48,49]. The species is found throughout most of Europe, its distribution extending
from the Iberian Peninsula, Italy, and the northern Balkans in the south to the United
Kingdom, southern to mid Sweden, and the Baltic in the north [50].

The study was conducted in oak forest stands situated in the south central region
of Sweden, an area covering 130,000 km2 and comprising various ecological zones and
a mosaic dominated by forests, farmland and lakes, and spanning >5 degrees latitude
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(55.6◦ N–60.8◦ N) extending up to Gävle, the current northern range margin for naturally
occurring Q. robur in Sweden (Figure 1). Southern Sweden is in the temperate climate zone,
characterised by relatively warm summers and mild winters. Temperatures can drop well
below freezing, and snowfall is not uncommon, but the length and severity of winter differ
between regions, with longer and colder winters naturally occurring in the north. During
the past 120 years, the climate in Sweden has moved northward at an alarming rate, with
the temperature increase being most pronounced in the northern regions (see Figure 2 in
Sunde et al. [51]). As a result of climate change, maximum air temperatures in the study
area are projected to increase well above current temperatures within the next 50 years (see
Figure 2 in Forsman et al. [52]).

 

Figure 1. (A) Map of stand locations. Attributions for the basemaps: Esri, DigitalGlobe, GeoEye,
i-cubed, USDA FSA, USGS, AEX, Getmapping, Aerogrid, IGN, IGP, swisstopo, the GIS User Commu-
nity, DeLorme, HERE, and MapmyIndia; (B) Photographs of each stage of leaf unfolding, as described
in the text. All photographs were taken by Isaksson, J.; (C) and (D) boxplots of budburst and leaf
senescence onset dates, respectively.

The study integrates three types of data: on the tree level, estimates of phenological
progress made during the spring and autumn of 2023 and reference aligned restriction-site
associated DNA sequencing (RADseq) data, and on the stand level hourly temperature data
(used to assess the accuracy of interpolated data obtained from the Swedish Meteorological
and Hydrological institute (SMHI) (see Section 2.1.2) with varying coverage. The sampling of
spring and autumn phenological progress (see Section 2.1.1.) was carried out for 10 oak trees
in each of 10 stands, distributed along a latitudinal gradient in southern Sweden (Figure 1).
The mean distance between trees within stands was 65 m (SD = 36 m). The sampled trees
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were healthy and dominant (when considering crown development and height relative
to neighboring trees). Due to sequencing failures (n = 4) and the identification of trees as
being either Q. petraea or Q. robur × Q. petraea hybrids based on genetic clustering and leaf
morphology (n = 15) [53], all stands did not contribute data for all 10 sampled individuals as
we only included trees assigned “pure” Q. robur in the subsequent analyses. The final data
set comprised 81 Q. robur from 9 stands, with the number of individuals per stand varying
between 6 and 10 (Figure 1). One stand (Bellinga) was a plantation consisting of trees
planted in 1995, with acorns from various locations in southern Sweden [54]. Information
on the size of study areas, landscape context, soil type, species composition of bushes and
trees, and age of sampled oaks is available elsewhere (see Table S1 in Johansson et al. [55]).

2.1.1. Leaf Phenology Scoring Method

To quantify the phenological progress (leaf development) of the oaks in the spring,
weekly (mean ± SD: 7.3 ± 0.8 days) observations were performed between 23 April and
5 June 2023, with the leaf development stage being determined using binoculars. To this
end, each tree was observed on three to five occasions, depending on when the leaves
reached full emergence. For each tree and on each occasion, leaf development stage was
scored from the four cardinal directions. The scoring classification system used largely
follows Faticov et al. [56]. Briefly, we used a categorical system where 1 represents small
and dormant buds, 2 larger buds with a hint of green, 3 elongated buds with leaves starting
to emerge (i.e., bud burst), 4 leaves emerging but still close together, 5 leaves separated but
not yet fully expanded, and 6 leaves fully expanded and with a darker green colour (see
Figure 1B).

To measure the onset of leaf senescence in the autumn, each tree was observed four to
six times (mean interval of 14.1 ± 2.3 days) between 11 September and 27 November. On
each sampling occasion, the proportion of green, yellow, and brown foliage was scored for
each tree. For the following analyses, we used the proportion of green leaves as a proxy for
the processes associated with the end of the photosynthetic period, from here on referred
to as leaf senescence [57]. There were five instances among four trees where observations
made later than the previous observation showed lower phenological progress. These
observations were excluded from the dataset. All scoring was performed by the same
person (J. Lundqvist).

We then used the observations to fit a sigmoidal curve from which the date of budburst
was estimated for each tree. Leaf senescence onset dates were obtained in a similar way, by
fitting a curve based on weekly observations (from 11 September to 27 November 2023) on
the progress of leaf colouration (percentage of green leaves remaining on the tree). This
method is described in greater detail in Appendix A.1.

2.1.2. Temperature Data

Temperature data were collected to investigate associations with phenology and ge-
netic diversity. To this end, variables representing spring and autumn temperatures in
2023 at each stand were calculated as daily means of temperatures in April and August,
respectively. The months of April and August were chosen because these months rep-
resented temperatures before most budburst or leaf senescence onset dates, respectively,
occurred. To obtain temperature estimates for each stand, publicly available interpolated
grid data with a resolution of 4 km from SMHI were used (available at: https://www.
smhi.se/data/ladda-ner-data/griddade-nederbord-och-temperaturdata-pthbv, accessed
on 10 July 2025; the interpolation method is described in Johansson [58]). The accuracy of
these data was assessed by comparing them with temperature data collected in situ, as well
as from additional stands using HOBO loggers (Onset Computer Co., Bourne, MA, USA)

https://www.smhi.se/data/ladda-ner-data/griddade-nederbord-och-temperaturdata-pthbv
https://www.smhi.se/data/ladda-ner-data/griddade-nederbord-och-temperaturdata-pthbv
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(Appendix A.2). The assessment strategy was to compare data specific to the periods where
temperature data were used. Overall, the accuracy was high (mean absolute errors for
April and August: 0.41 and 1.18; R2 values: 0.93 and 0.91). The decision against using data
collected with temperature loggers was justified by the fact that temporal coverage varied
between stands, which would have implied a severe loss of data (each stand representing
~11% of the total observations). Long-term monthly minimum temperature means for April
and August from 1961–2023 were also obtained for each stand using the SMHI dataset.
These data were used to evaluate associations between local climatic temperatures and
temperature requirements (see Section 2.2), as well as genetic diversity indices.

2.2. Statistical Testing for Associations of Temperature and Latitude with Phenology

To test if temperature and latitude were associated with phenology, individual timings
for each tree were used as dependent variables in linear mixed models with temperature
variables and latitude as fixed effects with a random intercept for repeated measures
on the “stand” group. Covariance between budburst and leaf senescence was tested by
also including budburst date as a fixed effect in the models predicting leaf senescence.
Linear mixed models were fitted using the glmmTMB function in the package glmmTMB
(v1.1.9; [59]). To determine if significant associations may have been due to effects on
the variance of the dependent variable, dispersion was modelled against the significant
variables as well. All associations were tested for significance using a Type 2 Wald test in
the Anova function in the car package (v3.1-2; [60]). Additionally, the variation explained
in the model with and without random components was calculated as the marginal R2

(R2
M) from the conditional R2 (R2

C), as implemented in the r.squaredGLMM function in the
MuMIn package (v1.48.11; [61]).

Variation in heating requirements was also investigated, but these results proved
inconclusive and did not add qualitatively to the analysis. However, they are included in
the Supplementary Materials (Supplement S1).

2.3. Acquisition of RADseq Data
2.3.1. DNA Extraction and Sequencing

Leaves from 10 trees per stand for which leaf phenology was observed in 2023 were
collected and stored in −20 ◦C. About 70 mg of plant material was homogenised with stain-
less steel beads (Next Advance, Troy, NY, USA). After homogenisation, DNA was extracted
using the DNeasy Plant Pro kits (Qiagen, Valencia, CA, USA) following a slightly modified
version (longer homogenization time for tough leaves) of the protocol provided by the
manufacturer. DNA quality and quantity checks were done using a Qubit 2.0 fluorometer
(absorption value ratio 260/320 nm) and a NanoDrop 2000 spectrophotometer (absorption
value ratios 260/280 and 260/320 nm) (Thermo Fisher Scientific, Waltham, MA, USA).
Samples were digested with HF EcoRI enzyme (New England Biolabs, Ipswich, MA, USA)
for two hours at 37 ◦C, followed by 15 min of enzyme inactivation at 65 ◦C. Following di-
gestion, Qubit was again used to quantify the amount of DNA, and gel electrophoresis was
used to confirm successful digestion. Library preparation and sequencing were done by
SciLifeLab (Uppsala, Sweden) on an S4 lane using the Illumina NovaSeq6000 (Paired-end,
2 × 150 bp setup). Sequences were demultiplexed before delivery.

2.3.2. Bioinformatics

The Stacks pipeline [62] was used to obtain the SNP genotype matrix used in the
genotype–phenotype association. The first step of the pipeline was process_radtags, which
corrected restriction sites and then removed reads unless they met the following criteria:
(i) there were no uncalled bases; (ii) when running a sliding window of the size 15% of the
read length along it, the bases in each length needed to have an average probability of a cor-



Forests 2025, 16, 1233 7 of 30

rectly called base of 99%. Further quality checks were done using FastQC (v0.11.9; [63]) and
MultiQC [64]. In the next step, the sequences were mapped to a reference genome (NCBI
accession: GCF_932294415.1) using the Burrows-Wheeler Alignment tool [65]. SAMtools
(v1.20; [66]) was used with default settings to convert the output to the binary alignment
map format (.bam) and sort the reads by coordinates.

These sorted reads were subsequently used as input in the gstacks module to produce
a catalogue of SNP genotypes for each individual. Then, the populations module was run,
filtering out loci which did not meet the following criteria: (i) the locus had to occur in
80% of individuals within each stand; (ii) the locus had to have a minor allele frequency
of 5% across all individuals; (iii) the observed heterozygosity was not allowed to exceed
70%. These requirements were set to ensure that loci were well replicated throughout the
stands and to avoid including alleles that were genotyping errors [67]. In this filtration
step, 876,331 loci were filtered out from an initial 928,319. To reduce biases associated with
linkage, it was further specified that one randomly selected SNP be chosen to represent the
locus. The number of variant sites resulting from this was 17,934. The output was specified
to be in pedigree format (.ped) with an accompanying variant information file (.map) for
input in Plink (v1.90b4.9; [68]). This was necessary because duplicate loci (which were
identified after examining the file in variant calling format (.vcf) of the output) existed that
needed to be excluded before imputation. This was also done in Plink using the --exclude
flag, leaving 16,903 loci. Finally, imputation of missing loci was done using the genotype
imputation algorithm implemented in Beagle (v5.4; [69]) with default settings.

2.4. Analysis of Genetic Variation Associated with Phenology

To identify loci that were statistically associated with relative budburst or leaf senes-
cence, the timing of each individual was first standardised with respect to timings within
each stand to obtain stand-relative timings. Thus, the earliest individual within each stand
would have the same value, and each stand has the same mean and variance. This was done
to account for variation in timings due to the effects of local temperatures on temperature
requirements that may arise during each individual’s lifetime (see [18,70]). However, there
was a lack of variance in budburst in two of the stands, Testeboån and Vårgårda, so a subset
was created, excluding these stands from the genotype–phenotype association analysis for
relative budburst (n = 64).

2.4.1. Investigating Population Structure

When performing genotype–phenotype associations, it is not uncommon that popula-
tion structure leads to spurious associations, because divergence is also in the neutral parts
of the genome [71]. Therefore, it is common practice to statistically control for population
structure. By standardising means and variances of the budburst and leaf senescence dates
within stands, associations due to stand-level variation are mitigated, and the study design,
as such, partly controls for population structure. However, if population structuring is
weak and gene flow is ample, with paternity often coming from trees outside the stand [47],
structure could overlap across stands and might have manifested on spatial scales that
differed from the groupings of the sampling locations. Furthermore, one of the included
stands, Bellinga, contains trees of allochthonous provenance. Additionally, in stands where
the distribution of timings was heavily skewed and the underlying variation likely poorly
represented (Lin et al. [72], for example, report normally distributed timings), it was feared
that while the few individuals with timings that differed from the majority of other individ-
uals in the stand may have had different alleles in the loci that were truly associated with
timing, they may also have had different alleles at putatively neutral loci, due to population
structuring. Therefore, correlations between population structure and relative timings
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were investigated to evaluate whether population structuring seemed to drive potential
patterns and needed to be accounted for further. For this, Pearson’s correlation coefficients
between eigenvectors obtained in a principal coordinates analysis (PCoA) of Manhattan
distances between individuals and their relative timings were calculated. The number
of ordination axes to consider was determined using a broken stick criterion ([73] cited
in [74]) and Cattell’s rule [75]. The broken stick criterion compares the variance explained
by each principal component to the variance explained if the total variance were randomly
distributed among them, where those components that explain less variance than that
obtained from the random data are deemed uninteresting ([73], cited in [74]). Cattell’s rule
instead states that only principal components to the left of the “elbow” where the variance
explained by each axis starts to plateau out should be considered for interpretation [75].
Lastly, the number of ancestral populations was estimated using fastStructure (v1.0, [76])
(after producing a valid input file in browser extensible format (.bed) in Plink) to determine
how many components in the genetic data to control for in the association methods.

2.4.2. Linkage Decay

Because of linkage, the specific positions of the outlier SNPs identified do not necessar-
ily have to be located within the genomic region coding for a trait; they may be inherited
together with coding loci due to their proximity on the chromosome ([77], pp. 44–45).
When comparing with regions associated with a certain function in the annotated genome,
it is therefore useful to consider if the locus exists within a certain number of basepairs
either side of the candidate locus instead of only checking if the candidate locus falls
within the region. To estimate the distance from the candidate locus to look in, squared
correlation coefficients (r2) between loci of various distances up to 300 kbp were calculated
using the programme PopLDdecay (v3.42; [78]). The linkage disequilibrium decay pattern
was then estimated by fitting a LOESS regression and a power curve, with mean r2 as
response variable and distance as independent variable. Different cut-offs for the number
of basepairs from the candidate locus to look in when comparing candidate loci against
the annotated genome are given in the literature. Some rely on an arbitrary low value (e.g.,
Otyama et al. [79] use 0.2), while others go by the distance at which the r2 value falls below
half (e.g., Pang et al. [80]). In this dataset, the linkage disequilibrium decay fell below half
at 263,035 bp using LOESS regression and 24 bp using a power curve (Appendix A.3). As
neither seemed reasonable, the candidate loci were compared with the annotated genome
within an arbitrary search distance of 20 kbp on either side of the locus (as a more conser-
vative alternative to that obtained with the LOESS regression), while reporting the distance
together with the genes identified in the results for transparency.

2.4.3. Genotype–Phenotype Association

Distance-based redundancy analysis (dbRDA) was used to identify candidate loci. It
is a constrained ordination that allows the user to directly compare structures in a response
matrix with explanatory variables ([81], p. 630). This multivariate approach considers
multiple loci at once, allowing for the association of loci with a phenotype where genic
variance is low, but the covariance of allelic effects is high [82,83]. Small allelic effect sizes
have been observed for several tree species, and analytical evidence for the build-up of
adaptive differentiation through covariance has been given as an explanation for the great
phenotypic variation in other oak populations [45,84]. Two dbRDAs were carried out with a
Manhattan distance matrix calculated from the full SNP genotype matrix as the dependent
variable and the relative phenologies as explanatory variables (one analysis for budburst
and one for leaf senescence). To test if the constrained axes represented structured and
not random variation, permutation tests were carried out with 9999 permutations. The
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adjusted R2 (R2
a) was also calculated for these axes. The dbRDAs and permutation tests

were performed using the capscale and anova.cca functions, respectively, in the R package
vegan (v2.6-4; [85]).

The loadings of loci obtained in the dbRDAs were converted to z-scores, which were
used to calculate p-values [82]. To adjust for multiple hypothesis testing, q-values were
calculated from the p-values using the R package qvalue (v2.34.0; [86]). The q-values were
visualised in Manhattan plots produced using the R package ggplot2 (v3.5.1; [87]). The
loci that had a q-value below 0.05 were included in the candidate loci and were compared
with the annotated reference genome (from the same entry in NCBI as the genome used for
alignment), as well as loci described by Bodénès et al. [88] who used a shotgun sequencing
approach on chromosome 7, to determine if they could be found in regions previously
associated with functions.

2.5. Regional Genetic Variation in Loci Putatively Associated with Leaf Phenology and the
Neutral Dataset

To understand how genetic diversity among candidate loci identified in the genotype–
phenotype association varied in the Swedish range, the following statistics were calculated
for each stand: private alleles (PAs), the proportion of polymorphic loci (P), and the
mean distance from the centroid in principal coordinate space. These were also calculated
for the full dataset for comparison. To test if a significant share of the variation existed
between stands, AMOVAs [89] were carried out for the sets of candidate loci identified as
associated with budburst and leaf senescence, as well as the full dataset. Significance was
determined using a permutation test with 9999 grouping permutations. AMOVAs were
carried out using the amova function in the pegas package in R (v1.3; [90]). Additionally,
pairwise FST were calculated between all stands to quantify the share of genetic diversity
due to differences in allele frequency between stands [91] as well as to visualise genetic
differentiation between different stand combinations according to latitude. To test if
latitude was associated with genetic variation among candidate loci putatively associated
with phenology, dbRDAs were carried out for the candidate loci in the same way as
described for the genotype–phenotype associations (see Section 2.4.3) with latitude as an
independent variable. The same permutation test was used with 9999 permutations to test
for significance.

3. Results
3.1. Patterns and Associations of Budburst and Senescence

The dates of budburst and leaf senescence were estimated for individuals from each
stand (Figure 1C,D). The total variance was lower for budburst dates (σ2 = 19.77) than
for leaf senescence dates (σ2 = 150.44). Almost all budburst dates in Tånnö, Vårgårda,
and Testeboån were shared within stands (shown as compressed boxplots in Figure 1B).
Timings differed significantly between stands (budburst: F = 4.14, d.f. = 8, p < 0.0001; leaf
senescence: F = 5.93, d.f. = 8, p < 0.0001). Mean April temperatures decreased significantly
with latitude (Bellinga: 6.24 ◦C, Testeboån: 5.53 ◦C; r = −0.85, d.f. = 7, p = 0.003), while
mean August temperatures did not (Bellinga: 16.28 ◦C, Testeboån: 15.52 ◦C; r = −0.40,
d.f. = 7, p = 0.29). The date of budburst was positively associated with latitude (Bellinga
mean = 127.42, Testeboån mean = 133.64; Testeboån: 5.53 ◦C; β = 1.30, χ2 = 3.90, d.f. = 1,
p = 0.048) and negatively associated with mean April temperature (β = −2.89, χ2 = 7.55,
d.f. = 1, p = 0.001) (Table 1). The onset of leaf senescence occurred earlier at northern
latitudes (Bellinga mean = 292.33, Testeboån mean = 275.00; β = −3.42, χ2 = 10.73, d.f. = 1,
p = 0.001) and tended to occur later in stands with warmer August temperatures (β = 10.38,
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χ2 = 3.60, d.f. = 1, p = 0.06) (Table 1). In contrast with previous findings, budburst and leaf
senescence onset were not associated (β = 0.21, χ2 = 0.18, d.f. = 1, p = 0.67).

Table 1. Results from individual linear mixed models were used to test for associations between the
timing of phenological events and drivers. “April temp.” and “August temp.” represent the mean
daily temperatures (◦C) during the months of April and August, respectively. Given are a χ2-statistic
from a Type 2 Wald test of the variable, regression coefficients (Est.), p-values associated with the
χ2-statistics, and marginal and conditional R2 values (R2

M and R2
C, respectively).

χ2 Est. p-Value R2
M R2

C

Budburst
April temp. 7.55 −2.89 0.001 0.36 0.79

Latitude 3.90 1.30 0.048 0.24 0.79

Leaf senescence
Budburst 0.18 0.21 0.67 0.01 0.34

August temp. 3.60 10.38 0.06 0.11 0.32
Latitude 10.73 −3.42 0.001 0.21 0.32

3.2. Loci Putatively Associated with Leaf Phenology
3.2.1. Population Structure

Using fastStructure, the most likely number of ancestral clusters was 1. When com-
paring the first 15 relative eigenvalues for the PCoAs with relative eigenvalues generated
from a broken stick distribution, none of the first eigenvalues exceeded their broken stick
counterparts (Appendix A.4). Additionally, the proportion of variance explained by each
ordinal axis was low overall (axis 1 in the budburst and leaf senescence datasets represented
4.62% and 5.09% of the total variation, respectively, with proportionally small decreases for
each subsequent axis) (Appendix A.4). Going by Cattell’s rule, a case could be made for the
first three and four ordination axes to be considered for interpretation in the subset and the
full dataset, respectively, as the decrease in relative eigenvalue diminished at those points.
However, the covariances, estimated using Pearson’s correlation coefficients between the
chosen eigenvectors and the standardised timings, were all low (|r| < 0.1, p > 0.5), indi-
cating no significant association between the underlying population structure and relative
phenology. Therefore, population structure was not partialled out of the dbRDAs before
testing for associations with relative phenology.

3.2.2. Genotype–Phenotype Associations

In the dbRDAs, negative R2
a values were obtained when calculating the share of

genetic variance explained by the constrained axes (relative budburst: R2
a = −0.002; relative

leaf senescence: R2
a = −0.001). This may indicate that relative budburst and relative leaf

senescence explained a very small share of the genetic variance, that sample sizes were
small, or a combination of the two, based on the equation used to calculate R2

a ([81], p. 635).
The hypothesis that the constrained axes represented structuring associated with timing
was tested using permutation tests. That neither of these was significant (budburst: p = 0.92;
leaf senescence: p = 0.79) indicates that neither relative budburst nor relative leaf senescence
timings were important drivers of genetic structuring.

Associations between loci and standardised timings were estimated using dbRDAs,
with q < 0.05 as a criterion for identifying candidate loci (Figure 2). The total number of
candidate loci was 40 and 47 for relative budburst and relative leaf senescence, respectively.
Associated loci were spread out across chromosomes.
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Figure 2. Manhattan plots of SNPs and q-values from association tests with standardised timings
(panel (A) is budburst; panel (B) is leaf senescence). Points with colours other than grey are loci with
q-values lower than 0.05, the chosen significance level. Orange and green indicate loci located within
20 kbp of a putatively coding region in the annotated genome, either with a described (orange) or
uncharacterised (green) function; while purple indicates significant loci located more than 20 kbp
from the closest putatively coding region in the annotated genome. SNPs are ordered by chromosome
and location, with the exception of the second rightmost section (Pltd), where SNPs came from
chloroplast genome, and the rightmost section (Shotgun), which contains SNPs from an unlocalised
scaffold of contigs from chromosome 7.

Among the candidate loci, 5 and 6 of those associated with budburst and senescence,
respectively, also had functions associated with them identified in previous studies not
including those labelled as “Uncharacterised” (Table 2; a full list of candidate loci is found
in Appendix A.5). Among the annotated genes associated with budburst that were char-
acterised (Table 2), Transportin-1 is a nuclear import receptor binding to several specific
proteins and RNA for transport from the cytoplasm to the nucleus [92]. In Arabidopsis
thaliana (L.) Heynh., Yan et al. [93] find that Transportin-1 may be involved in the transport
of several proteins, including those associated with defences against disease, stress toler-
ance, the circadian rhythm, flower development, and cold acclimation. Small nucleolar
RNA R71 was also found, and is a small non-coding RNA that regulates gene expres-
sion [94] and has been associated with resistance to rust in pea (Pisum sativum L.) [95].
Another gene associated with defence, found among both the budburst and leaf senescence
candidate loci, was identified as (−)-Germacrene D synthase-like, which has been associ-
ated with the heightened emission of an insecticidal terpene in response to herbivory in
a hybrid poplar (Populus trichocarpa × deltoides Bartr.) [96]. A gene coding for the protein
rRNA 2′-O-methyltransferase fibrillarin 1-like was also associated with budburst. Fibril-
larin 1 is an enzyme that methylates ribosomal RNA, and has been found to increase in
nuclear abundance in A. thaliana during recovery following a heat stress treatment [97].
Finally, MADS-box protein JOINTLESS-like was also found among the budburst candidate
loci and is a protein similar to the MADS-box gene JOINTLESS, which has been found
to affect the rate of growth in the shoot meristem of peppers (Capsicum spp.) [98] and the
development of the abscission zone in tomato (Solanum lycopersicum L.) [99].
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Table 2. Functions of significant SNPs (q-values < 0.05) also found in the annotated genome for
Quercus robur (L.). For each locus, its SNP ID in the full RADseq dataset, chromosome number (Chr.),
position on the chromosome, significance (q-value), name of the previously associated function, a
short description of the function in other organisms, and the distance from the region are given.
Candidate loci associated with relative budburst are above the dividing line, and ones below were
associated with relative leaf senescence.

SNP ID Chr. Position q-Value Gene Annotation Possibly
Associated with

Distance from
Region (bp)

55616_189 1 47495836 4.89 × 10−3 Transportin-1 Several
functions 9254

224662_285 3 37331722 8.43 × 10−4 Small nucleolar RNA R71 Pathogen
defence 4392

614926_284 8 15323561 3.54 × 10−2 (−)-Germacrene D synthase-like Herbivory
defence 164

693924_287 9 13741392 3.57 × 10−2
rRNA 2′-O-methyltransferase

serine/threonine-fibrillarin
1-like

Heat stress
recovery 6951

837643_219 11 24896775 2.29 × 10−2 MADS-box protein
JOINTLESS-like

Rate of vegetal
development 19,473

52095_31 1 43584107 3.84 × 10−2 Mediator of RNA polymerase II
transcription subunit 25

Flowering
time 1163

277235_194 4 12685808 6.41 × 10−8
G-type lectin S-receptor-like

serine/threonine-protein kinase
At1G67520

Pathogen
defence 17,139

355472_275 4 75298409 6.57 × 10−3
Putative disease resistance

RPP13-like
protein 1

Pathogen
defence 0

449028_6 5 70766439 5.62 × 10−6
Putative calcium-transporting

ATPase 13,
plasma membrane-type

Several
functions 4865

614940_70 8 15336382 2.18 × 10−3 (−)-Germacrene D synthase-like Herbivory
defence 12,985

846236_271 11 31918101 2.81 × 10−3 Vacuolar-sorting receptor 3-like Drought and
heat stress 15,453

Among the 6 loci associated with leaf senescence found in the annotated genome
(Table 2) was Mediator of RNA polymerase II transcription subunit 25, which has been
found to affect flowering time via light perception in barley (Hordeum vulgare L.). Another
gene was G-type lectin S-receptor-like serine/threonine-protein kinase At1G67520, a pattern
recognition receptor that has been found to be associated with defence mechanisms against
pathogens in Japanese chestnut [100] and in A. thaliana [101]. A second pattern recognition
receptor among the leaf senescence loci associated with disease resistance was Putative
disease resistance RPP13-like protein 1, which is upregulated in a line of Rose (Rosa L.)
resistant to powdery mildew in response to inoculation [102]. A locus within the coding
region responsible for Putative calcium-transporting ATPase 13, plasma membrane-type,
which is involved in calcium transport [103], was also identified. It has been associated
with several different functions in several different species: in the Huangguan pear (Pyrus
bretschneideri Rehd.), it is associated with potassium availability, as potassium appears to
also affect the uptake of calcium [104], in guman (Casuarina glauca Sieb. ex Spreng.) it
is involved in the response of branchlets to salt stress [105], it is upregulated in tubers
experiencing cold stress [103] and in the common grape vine (Vitis vinifera L.) it is positively
modulated in response to pathogen inoculation [106]. Finally, a locus associated with leaf
senescence was found in the coding region for Vacuolar-sorting receptor 3-like (Table 2),
which detects internal and external changes to the cell, and has been found to be associated
with the response to drought and heat stress in maize (Zea mays L.) [107].
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3.3. Variation in the Full SNP Dataset and in Loci Putatively Associated with Phenology
3.3.1. Genetic Diversity Indices

To understand how genetic diversity varied and was partitioned across space, the
number of private alleles (PAs), the proportion of polymorphic loci (P), and the mean
distance from the centroid in principal coordinate space were calculated for each stand
(Table 3). No PAs were found for the candidate loci, but in the full dataset, these ranged
between 54 and 229. In the full dataset, P ranged between 0.53 and 0.69, which was lower
than among the candidate loci: for the budburst loci, P ranged between 0.88 and 0.98,
whereas for the leaf senescence loci, P ranged between 0.91 and 1.00. For genetic variability
within sites, the mean Manhattan distance from the centroid in principal coordinate space
ranged between 2890.13 and 3839.84 in the full dataset, between 16.89 and 21.35 for the
budburst loci, and between 0.13 and 0.27 for the leaf senescence loci (Table 3).

Table 3. Genetic diversity indices for each stand in the full dataset (16,904 loci), the budburst
candidate loci (40 loci), and the leaf senescence candidate loci (47 loci). Abbreviations: Lat. is
latitude, Min. April or August Temp. are the mean minimum temperatures in April and August,
respectively, n is the number of individuals in the stand, PA is the number of private alleles, P is
the proportion of polymorphic loci, and Dist. is the mean Manhattan distance from the centroid in
principal coordinate space.

Full Budburst Leaf Senescence

Stand Lat.
(◦N)

Long.
(◦E)

Min. April
Temp. (◦C)

Min. August
Temp. (◦C) n PA P Dist. P Dist. P Dist.

Bellinga 55.52 13.68 1.15 12.87 9 66 0.6 3244.04 0.95 19.02 0.96 23.24
Björnstorp 55.62 13.43 1.05 12.64 10 91 0.69 3839.84 0.98 21.35 0.96 26.08
Tranemåla 56.36 14.78 0.57 11.99 6 67 0.53 3302.74 0.95 19.61 1.00 28.18
Strömsrum 56.93 16.39 0.58 12.65 10 75 0.65 3555.13 0.95 19.95 1.00 27.04

Tånnö 57.06 14.01 −0.06 11.32 10 84 0.64 3434.44 0.98 20.73 1.00 26.36
Vårgårda 57.96 12.83 −0.08 11.20 9 54 0.58 3160.35 0.93 16.89 0.94 21.28

Vagnhärad 58.96 17.60 −0.26 12.56 10 116 0.66 3693.39 0.95 19.22 0.98 22.11
Vinala 59.13 15.38 −0.48 11.65 9 101 0.54 2890.13 0.88 18.61 0.91 21.22

Testeboån 60.77 16.98 −1.89 10.98 8 229 0.58 3591.91 0.90 17.45 0.98 25.70

The number of PAs increased with latitude (r = 0.77, d.f. = 7, p = 0.01) and decreased
with mean minimum April temperatures (r = −0.83, d.f. = 7, p = 0.01) in the full dataset, with
Testeboån having the greatest number by far of all stands. It should be noted that latitude
and mean minimum April temperatures were strongly correlated (r = −0.96, d.f. = 7,
p < 0.0001). Among the loci associated with budburst, the proportion of polymorphic loci
decreased significantly with increasing latitude (r = −0.75, d.f. = 7, p = 0.02) and tended to
increase with mean minimum April temperatures (r = 0.66, d.f. = 7, p = 0.054). Dispersion
was almost significantly associated with latitude as well (r = −0.66, d.f. = 7, p = 0.052).
No other significant associations were found between measures of diversity and latitude
or temperature.

3.3.2. Population Structuring in the Putatively Adaptive Candidate Locus Datasets

Spatial variation was found among the candidate loci. Using permutation tests, sig-
nificant between-stand variances were found in AMOVAs in all three datasets (p < 0.05).
In all three datasets, the majority of variation was found within stands (full: 90.9%; bud-
burst: 92.5%; senescence: 95.9%). Using dbRDA, it was additionally found that some of
the between-stand variation could be explained by latitude in the full dataset (p = 0.0001;
R2

a = 0.03) and among the loci associated with budburst (p = 0.002; R2
a = 0.02). In the

full dataset, genetic differentiation from other stands (Figure 3) was generally higher for
Testeboån and Vinala, the two northernmost stands. This pair also represented the stands
that were most differentiated from each other out of all three datasets (FST = 0.127). Few
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discernible patterns were found among the candidate loci. Compared with the other stands,
Testeboån tended to be more different from the rest of the stands among the candidate loci.

 

Figure 3. Pairwise genetic differentiation between stands in the full dataset (green), the candidate
locus dataset associated with relative budburst (blue), and the candidate locus dataset associated
with relative leaf senescence (red). Stands are ordered by latitude.

4. Discussion
Leaf phenology is one of the traits allowing deciduous trees to persist in the temperate

parts of the world [2]. Associations of leaf phenology with regional heterogeneity in
the timing of spring and autumn freezing, suggested to be the primary drivers [108], is
thought to reflect a combination of microevolutionary genetic modifications and phenotypic
plasticity [18]. To characterise leaf phenology of oaks in Sweden, identify environmental
and genetic correlates of phenology, and enable future projections of how phenology may be
affected by a changing climate, we integrated phenotypic, genetic, and environmental data.
Specifically, we analysed spatial and individual variation in leaf phenology in northern
range margin Q. robur populations in Sweden in relation to the timing of spring and autumn
temperatures. As expected, and in overall agreement with previous studies, we found
that the date of budburst increased with latitude and decreased with spring (mean April)
temperature, whereas the onset of leaf senescence occurred earlier at higher latitudes and
tended to be delayed by warmer autumn (mean August) temperature (p = 0.06). Our genetic
analyses identified several candidate loci putatively associated with phenology and showed
that the proportion of polymorphic candidate loci associated with budburst decreased
with increasing latitude. The functions of some of the candidate loci implicate pathogens,
herbivores, and heat stress tolerance as selective drivers of phenology in the studied
populations. Our analyses also uncovered significant population genetic structuring and
differences in the within population genetic diversity among the putatively adaptive
candidate loci. The spatial structure may partly reflect local adaptations to divergent past
selection pressures, while the high and variable genetic diversity of candidate loci may
buffer oak populations against rapidly changing and future climate and environmental
conditions, but with resilience varying among populations.

4.1. Associations Between Timings and Cues

Testing for associations between budburst dates, it seemed like both temperature and
photoperiod could be determinants, and their relative contributions could not be disen-
tangled. This may indicate that (at least in 2023) Swedish Q. robur exhibited responses in
budburst timing related to local spring temperatures. Regarding the role of photoperiod, it
has been suggested that this cue explains a greater amount of variation in phenology for de-
ciduous tree species that experience budburst later in the season, including Q. petraea [11,12]
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and Q. robur [109], possibly due to the threshold nature of the cue. Basler and Körner [12]
found that Q. petraea individuals experiencing more sufficient chilling showed a diminished
effect of photoperiod on the release of dormancy. Additionally, in a comprehensive study
of 173 species in Europe (including Q. robur), Zohner et al. [110] report that with the excep-
tion of three Fagus species and bitternut hickory (Carya cordiformis (Wangenh.) K. Koch),
photoperiod generally has no significant effect on budburst in species experiencing long
winters. However, significant effects were observed for species with more southerly ranges.
Therefore, while the present study does not rule out that photoperiod affects budburst, the
effect may be mediated by the experienced chilling. Frost damage is often assumed to be the
primary driver of selection on leaf phenology [28,111], and the covariation of temperature
responses of budburst with latitude may be a reflection of successful local adaptation. In
this study, budburst occurred later at higher latitudes, as found by Zohner et al. [112] and
Olsson et al. [113]. That trees of more northerly provenances have later budburst agrees
with the results of Ducousso et al. [114], who find that this relationship is also true for trees
reared in a common garden. However, what is striking is the fewer growing degree days
at higher latitudes, which (we speculate) may indicate an adaptive response to maximise
the length of the growing season at the expense of their frost safety margins (in line with
Zohner et al. [112]).

Similar to budburst, both temperature and photoperiod may have been important
determinants of leaf senescence. There is observational evidence for both of these factors
playing a role in Q. robur [115], but experimental evidence is limited and inconsistent [35]. In
a drought stress experiment, Mariën et al. [116] found no significant effect of temperature on
the onset of leaf senescence in Q. robur, nor variation in the onset of leaf senescence among
species, and they conclude that deciduous trees may rely on a constant variable such as light.
In another experiment, Wang et al. [117] found that in the Mongolian oak (Quercus mongolica
Fisch. ex Ledeb.), the sensitivity to photoperiod increases with decreasing temperatures,
and that this interactive effect may be species-specific. Another predictor of leaf senescence
found in previous studies was the date of budburst, which has been suggested to be
related to the tree’s carbon sink limitations as well as nutrient availability [118]. Under
this hypothesis, correlations between budburst and leaf senescence would arise due to
photosynthesis commencing earlier in the season, and if the sink limitation is met (i.e.,
enough photosynthesis has taken place), leaf senescence would also start earlier [118]. It
should be noted that Firmat et al. [119] find no genetic relationship between budburst and
leaf senescence. In the present study, budburst was not associated with leaf senescence. It
is possible that the lack of association was simply due to a small sample size, but one may
envision a scenario where, due to the climatic conditions of 2023, only a share of the trees
in the sample actually have their sink limitations met and, therefore, induce leaf senescence
earlier. If that is the case, it may raise further questions about the role of interannual climate
variability and the growing season constraints placed by the northern range margin on the
species, and how this affects growth. Future research, including phenological data for this
region spanning several years, is required to understand this.

4.2. Genotype–Phenotype Associations and Signatures of Selection

The central questions in the genetic analysis were: (i) if genetic variation was signifi-
cantly associated with leaf phenology; (ii) if any of the loci putatively associated with timing
had previously been associated with functions relevant to the timing of leaf phenology;
and (iii) if there were spatial patterns of genetic variation in the candidate loci that showed
signatures of selection associated with latitude and temperature variables.
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4.2.1. Functions Identified Among the Candidate Loci

Under the assumption that the known functions of the identified candidate loci can
be considered reflections of the biotic and abiotic selective drivers, a qualitative inter-
pretation can be made. Among the sets of candidate loci identified when testing for
associations with leaf phenology, some have previously been identified in studies of other
plant species. Among these, five were associated with defence against fungal pathogens,
two with herbivory defence (albeit the same gene), four with abiotic stresses, and three
with leaf development. Additionally, one was associated with flowering time. It has been
suggested that the timing of budburst may be one of the defence mechanisms used by
trees to reduce pathogen encounters [120]. Based on observed synchrony between leaf
and powdery mildew (Erysiphe alphitoides) phenologies, Desprez-Loustau et al. [120] sug-
gest fungal infection may act as a driver of selection, but note that frost avoidance also
plays an important role (an assertion supported by Dantec et al. [111]). Further, Desprez-
Loustau et al. [121] report genetic differences in susceptibility to infection (unrelated to the
encounter window), and genetic pathogen resistance has been found to spatially covary
with pathogen encounter rates in other natural tree populations [122]. Given that candidate
genes involved in pathogen defence were found to be associated with relative phenology
also in the present study, a suggestion for future research is to investigate if pathogen
resistance is associated with the level of synchrony between leaf and pathogen phenologies.

Two of the identified candidate loci (albeit close together), one associated with bud-
burst and the other with leaf senescence, are known to be involved in the production
of a terpene, a compound contributing host resistance to herbivory [123]. In Q. robur,
higher herbivory damage has been reported in earlier than in later flushing trees ([124,125],
but see [25]), with indications of shifting insect communities depending on tree phenol-
ogy [25,126]. Such temporal variation in herbivory, if consistent, may thus also have driven
selection on herbivore defence (e.g., terpene production) to occur in tandem with budburst
variation. However, it remains uncertain whether these plant defences actually reduce
herbivory, even if the timing of their production may coincide with the phenology of the
herbivores ([127]; but see [123]). A speculation is that the evolutionary response to selection
pressure exerted by pathogens and herbivory alike is rather on chemical defences than
a shift in the timing of phenological events to “induce” a mismatch between host and
attacker. Climate change is expected to induce phenological shifts in both host plants and
biotic stressors, and these shifts are expected to be discordant [34]. If the resistance to
herbivory and pathogens varies with leaf phenology, and if adaptations reflect phenological
synchrony, then discordant shifts in phenology due to climate change may ultimately alter
the selection pressures for resistance.

Drought stress in the autumn has been linked to delayed budburst in the following
spring in one-year-old saplings, and to an advanced budburst in the spring after that,
leading to an increased rate of frost damage [128]. These effects of drought on phenology
have also been found in Q. petraea seedlings [129] and result in severe limitations of leaf
function in Quercus ilex (L.) [130,131]. Further, studies of tree-ring width suggest that years
in which oaks experience droughts are also years of lower productivity [132,133]. The
vulnerability of leaf tissue to drought decreases with leaf development [134], which could
mean that the timing of budburst is also associated with the risk for spring drought. There is
a physiological connection between inflorescence and leaf development, as the bud contains
both leaf and flower. Studying the relationship between budburst and acorn production
in Q. lobata (Née), Koenig et al. [135] suggest that the timing of budburst affects acorn
production due to pollen limitation, possibly translating into variation in fitness. Further,
it has been suggested that in Q. robur, variation in flowering time may lead to assortative
mating [136], which can promote local adaptation. Further research is required, but the
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association with phenology underscores the importance of phenology for the resilience of
oak populations in a changing climate.

4.2.2. On the Relative Roles of Selection and Neutral Processes

To interpret patterns of putatively adaptive genetic variation in relation to ecological
drivers, it is useful to compare them with patterns of overall genetic variation and to
consider neutral drivers. Here, it is also important to understand how the design of the
analysis may impact the interpretation of the results. A consequence of standardising
phenology dates within stands is that the strongest associations should be those which are
consistent across stands, where the between-stand variation (which may not necessarily
come from local adaptation) for a given locus should be found in the residual variation. In
other words, it is unlikely that the candidate loci identified in this study would represent a
larger share of the total between-stand genetic variation associated with leaf phenology.
Therefore, if leaf phenology is a locally adapted trait in the Swedish range (several previous
studies report that provenance explains a significant share of leaf phenology in Q. robur in
other populations spanning temperature gradients; e.g., [19,45,119]) one would expect a
greater genetic differentiation between stands among loci associated with phenology than
among all loci in the full dataset. If so, signatures of local adaptations may not be readily
detectable when the candidate loci are associated with relative phenology (as in the present
study). In terms of the spatial genetic structure, this may partly explain why within-stand
variation was greater for the candidate loci than in the full dataset. That the associations
were evaluated based on relative phenology may also explain why no PAs were found
among the candidate loci, and why almost all candidate loci were polymorphic in all stands.
Further, the negative R2

a in the dbRDAs used to identify loci putatively associated with
leaf phenology (reflecting the fact that leaf phenology explained only a very small fraction
of the allelic composition) may indicate a risk of false positives. The method chosen to
detect loci in this study performs well in scenarios where adaptations are highly polygenic
(and individual allelic effects are small), as is the case for oak leaf phenology ([137,138]).
While it is not surprising that such a small share of the genetic variation may be explained
by (standardised) leaf phenology, a greater sample size may be required to obtain more
robust results.

In the full dataset, genetic diversity within stands did not change significantly with
latitude or mean minimum April temperature, but the number of private alleles was
associated with both. Broad predictions of the patterns of genetic variation associated with
the northward expansion of oaks following the last glacial maximum include a dilution of
genetic diversity due to repeated founder events [139], but Kremer and Hipp [140] state
that these patterns have only persisted in the organellar genome and not the nuclear due to
the homogenising effects of pollen dispersal. The present study did not quantify population
size nor gene flow, but it is likely that levels of genetic differentiation between stands are
low due to high gene flow, in Sweden as in continental Europe [141].

Neutral processes that may contribute to the observed pattern among the rare alleles
include constraints on gene flow from the range edge to the rest of the population, either
due to isolation, a smaller gametic contribution from the range edge due to a smaller effec-
tive population size, asymmetric dispersal due to wind patterns, or genetic drift [142,143].
However, if similar levels of genetic variability are an indication of similar effective pop-
ulation sizes, it seems unlikely that the increase in rare alleles with latitude would be
solely due to genetic drift or the quantity of gametes produced. Asymmetric dispersal due
to wind patterns has been observed in Scots pine (Pinus sylvestris L.) at higher latitudes
in Sweden, where it is considered a constraint on differentiation in populations further
north ([144]; cited in [145]). A future avenue of research might be to investigate how wind
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patterns shape genetic structure using asymmetric eigenvector maps, as has been done in
marine contexts [146].

A small but statistically significant share of genetic variation among the candidate
loci existed between stands, and the pairwise FST values for the candidate loci revealed
that differentiation between stands was greater for some pairs than others. While latitude
explained a small but significant fraction of the spatial variation among the candidate loci
associated with budburst, pairwise differentiation between stands may indicate a more eco-
typic signature of adaptive variation rather than clinal, as suggested by Kleinschmit [147].
The genetic diversities within stands (as measured by the proportion of polymorphic loci)
were higher among the candidate loci overall, and with a slight decline with increasing
latitude among those associated with budburst. This could indicate that the northernmost
stands represent peripheral populations at the species’ ecological extreme [148]. However,
this conclusion should be made with caution, as there was no variance in budburst among
the trees sampled there. Kremer et al. [84] suggest that local adaptation in oak phenology
can build up over a small number of generations, due to selection acting primarily on
allelic combinations, rather than single loci. Taking the candidate loci found in this study to
represent variation associated with leaf phenology, the mostly consistent levels of diversity
in stands, as well as overall low levels of genetic differentiation (and possibly high levels
of gene flow), may suggest that alleles necessary for adaptation to future climates either
exist throughout the Swedish population or can easily become established in otherwise
vulnerable stands.

5. Conclusions
In sum, this study demonstrated that oak leaf phenology was associated with tem-

perature across the latitudinal range, that relative phenology was associated with genes
previously demonstrated to be involved in host defence and responses to heat stress, and
that spatial patterns of diversity and composition could be discerned among the candidate
loci in the Swedish range. The relatively low levels of genetic differentiation between
stands in the full dataset, together with somewhat invariable levels of within-stand genetic
diversity throughout the Swedish range, may be an indication of high gene flow and similar
effective population sizes, but additional studies are needed to confirm this. If that is the
case, then the genetic basis of leaf phenology may buffer the Swedish oak population
against changing temperatures and selection pressures directly and indirectly associated
with climate change. This study quantified variation in leaf phenology and the share of
its putative genetic basis separately and in a single year. To reliably project the future
success of the Swedish oak population, it is necessary to compare how different genotypes
perform under a variety of conditions and scenarios. To this end, it would be useful to grow
tree clones of varying provenance in common gardens representing different conditions
(e.g., [45]) and to study the genetic material of trees for which longitudinal data already
exists, such as those included in the Pan European Phenology network [149].
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Appendix A
Appendix A.1. Model Estimation on Timing of Budburst and the Onset of Leaf Senescence

To estimate a single date for each phenology that could be used to compare phenologi-
cal progress between trees, a 2-parameter sigmoidal function was fitted to the observations
made in spring and autumn for each tree. Phenological progress y is given as a function of
ordinal date t, parameter c, which represents the slope at the point of inflexion times 1.25,
and parameter d, which represents the date at the point of inflexion:

y = 1 +
5

1 + ec(d−t)

These curves were fitted using a Levenberg–Marquardt algorithm implemented in the
gslnls package (v1.1.2; [150]) in R statistical software (v4.3.0; [151]). Starting parameters
were obtained using linear regression. For spring phenology, the date of budburst was
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defined as the date at which the fitted curve reached a score of 3. For autumn phenology,
the onset of leaf senescence was estimated from a breakpoint analysis of the fitted values
from the phenology curve, as in Mariën et al. [57]. For each curve, piecewise regressions
were performed with candidate breakpoints (which represent a theoretical “date of onset”)
at intervals of 0.1 ordinal days, from 26 July to the date of the point of inflexion (Figure A1).
The mean square errors were then calculated for each of the fits, and the day with the
lowest average mean square error was chosen as the onset of leaf senescence.

 

Figure A1. Estimation of the onset of leaf senescence from the fitted curve using piecewise regression.
The points represent the percentage of greenness in the remaining leaves at a given ordinal date,
scaled from 1 to 6; the red curve is the fitted curve, the sloping blue line is the first part of the
piecewise regression, and the vertical blue line is the date on which the lowest average mean square
error occurred.

Appendix A.2. Accuracy Assessment of SMHI Data

To compare SMHI and temperature logger data, the following statistics were calculated
for daily temperature means in the study periods relevant to the models described in
2.1.2: R2 from a linear model comparing the two data sources, root mean square error
(RMSE), mean absolute error (MAE), mean absolute percent error (MAPE) and mean error.
Temperature logger data were obtained for 31 stands in total, but because temporal coverage
varied between stands and periods, different stands were used for assessing accuracy for
different variables (Table A1). Stands included in the accuracy assessments had logger
observations for each day included in the calculation of the temperature variable.

Table A1. Accuracy assessment results for SMHI daily temperature means. From the left, columns
include the temperature variable the assessment was carried out for, the time period daily values
were included for, number of stands and observations, root mean square error (RMSE), mean absolute
error (MAE), mean absolute percent error (MAPE), mean error (ME), parameters from a linear model
(β0 and β1), and its R2. With the exception of MAPE, the unit for errors is ◦C.

Variable Period No. Stands No. Obs. RMSE MAE MAPE (%) ME β0 β1 R2

April mean April 2023 21 630 1.47 1.18 0.33 1.00 0.64 1.06
August mean August 2023 21 651 0.51 0.41 0.03 0.01 −0.43 1.03
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Overall, there was good agreement between daily SMHI mean temperatures and those
obtained with temperature loggers. R2 values were greater than 0.9 and MAPE values were
lower than 0.5%. Therefore, mean temperatures for April and August were calculated from
the SMHI data.

Appendix A.3. Linkage Decay

To determine the distance from each candidate locus to consider as regions within
which to check if genes previously associated with a certain function, linkage decay was
estimated for the full dataset. It was found that overall, for distances up to 300 kbp, squared
correlation coefficients were relatively low (mean ± SD = 0.04 ± 0.09). Going by the
criterion of half the intercept of a LOESS regression fitted to squared correlation coefficients,
the distance to consider would have been 263,035 bp. In contrast, when considering the
distance at which the r2 of a power function fitted to the same data falls below 0.2, the
distance was 24 bp. Because the degrees of linkage disequilibrium in the fitted curves were
relatively low to begin with (generally, r2 far below 0.2), a more conservative distance than
that found using the LOESS regression was chosen at 20 kbp to look for matches in the
annotated genome (as in Kikuchi et al. [152]) (Figure A2).

 

Figure A2. Linkage decay for the full dataset. The x-axis represents locus distance, and the y-axis
the squared correlation coefficient (r2) for loci a given distance apart. The red and cyan lines are a
LOESS regression and a power curve, respectively, fitted with the distance against r2, the blue line is
the distance at which half the intercept of the LOESS curve occurs, the orange line is the distance at
which half the intercept of the power curve and the green line is at 20 kbp.
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Appendix A.4. Scree Plots Used with the Broken Stick Criterion to Identify the Number of
Population Clusters

 

Figure A3. Scree plots of relative eigenvalues (bars represent real data, the red line represents values
from randomly distributed variances) from principal coordinates analyses based on Manhattan
distances calculated between individuals in (A) SNP genotype matrix subset for the budburst data
and (B) the full SNP genotype matrix.

Appendix A.5. Full List of Candidate Loci

Table A2. Full list of candidate loci identified (q < 0.05).

SNP ID Chr. Position q-Value Gene Annotation Distance from
Region (bp)

5738_251 1 4940506 2.70 × 10−2

52577_276 1 44019104 4.89 × 10−3

55616_189 1 47495836 4.89 × 10−3 Transportin-1 9254
72253_232 2 6326725 3.92 × 10−4

83272_136 2 15479089 2.10 × 10−2

99516_291 2 28807226 3.61 × 10−2

125851_39 2 50970570 8.53 × 10−4

125860_104 2 50970824 6.95 × 10−3

151636_115 2 72569754 4.05 × 10−2

164056_79 2 83613636 8.77 × 10−3

178467_290 2 95355512 2.70 × 10−2

178464_131 2 95355601 4.96 × 10−2

224662_285 3 37331722 8.43 × 10−4 Small nucleolar RNA R71 4392
238225_54 3 49171843 4.43 × 10−2

262970_68 3 68389061 3.37 × 10−2

277265_315 4 12699248 3.32 × 10−2

305538_143 4 36255883 4.43 × 10−2

305941_99 4 36302491 2.10 × 10−2

316704_278 4 44095902 3.37 × 10−2

353121_310 4 73388711 2.70 × 10−2

428204_359 5 53793709 1.99 × 10−2
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Table A2. Cont.

SNP ID Chr. Position q-Value Gene Annotation Distance from
Region (bp)

457620_63 5 77977948 4.43 × 10−2 Uncharacterised LOC126727237 1582

540005_335 7 3787957 3.37 × 10−2 Uncharacterised protein
LOC126691808 13,272

614926_284 8 15323561 3.54 × 10−2 (−)-Germacrene D synthase-like 164
642304_134 8 38635600 7.06 × 10−3

645982_112 8 41689845 2.10 × 10−2

690066_287 9 11014634 8.77 × 10−3

693924_287 9 13741392 3.57 × 10−2 rRNA 2′-O-methyltransferase
fibrillarin 1-like 6951

743550_323 10 1928227 3.55 × 10−2

751799_234 10 8893909 2.75 × 10−3

765481_239 10 20469263 2.70 × 10−2

773508_330 10 27709348 2.75 × 10−3

773518_376 10 27718161 2.70 × 10−2

775537_303 10 29436014 2.75 × 10−3

806456_18 10 53674173 2.18 × 10−2

809500_107 11 154845 1.87 × 10−2

809532_101 11 158944 2.12 × 10−2

837643_219 11 24896775 2.29 × 10−2 MADS-box protein
JOINTLESS-like 19,473

861794_142 11 45831267 3.57 × 10−2

920002_285 12 39036922 3.37 × 10−2

39587_320 1 32902497 2.16 × 10−2

50170_23 1 41844157 1.29 × 10−2

52095_31 1 43584107 3.84 × 10−2 Mediator of RNA polymerase II
transcription subunit 25 1163

88039_54 2 19634956 7.76 × 10−3

99805_306 2 29029208 2.81 × 10−3

185314_48 3 3798649 1.10 × 10−2

269438_43 4 5348239 2.81 × 10−3

276966_142 4 12516864 2.77 × 10−2 Uncharacterized LOC126721394 184
277111_32 4 12599017 3.21 × 10−3 Uncharacterized LOC126720597 7172

277235_194 4 12685808 6.41 × 10−8

G-type lectin S-receptor-like
serine/

threonine-protein kinase
At1G67520

17,139

277259_148 4 12699073 3.83 × 10−7

277265_315 4 12699248 1.51 × 10−7

277258_119 4 12699337 2.81 × 10−3

277268_134 4 12700024 1.52 × 10−7

277302_93 4 12720241 2.74 × 10−10

318247_277 4 45176449 2.57 × 10−5

318272_16 4 45180545 1.15 × 10−4

318285_308 4 45182834 2.60 × 10−3

355472_275 4 75298409 6.57 × 10−3 Putative disease resistance
RPP13-like protein 1 0

396880_16 5 25781248 1.96 × 10−2

398425_213 5 27087039 2.81 × 10−3

448915_31 5 70661084 1.71 × 10−2



Forests 2025, 16, 1233 24 of 30

Table A2. Cont.

SNP ID Chr. Position q-Value Gene Annotation Distance from
Region (bp)

449028_6 5 70766439 5.62 × 10−6
Putative calcium-transporting

ATPase 13, plasma
membrane-type

4865

500170_149 6 24250569 4.04 × 10−2

525417_341 6 46452486 3.84 × 10−2

526007_195 6 46911021 1.81 × 10−2

526011_106 6 46911056 1.81 × 10−2

614447_285 8 15038558 1.92 × 10−2

614462_248 8 15039408 3.34 × 10−4

614940_70 8 15336382 2.18 × 10−3 (−)-Germacrene D synthase-like 12,985
621412_264 8 20775860 3.79 × 10−2

631293_23 8 29570266 4.22 × 10−2

663736_102 8 56030387 6.57 × 10−3

678922_284 9 148031 2.50 × 10−2

693321_211 9 13368039 3.84 × 10−2

732227_197 9 47910412 1.71 × 10−2

742782_127 10 1176690 1.10 × 10−2

745733_6 10 3566118 4.03 × 10−2

751799_234 10 8893909 4.16 × 10−2

766837_288 10 21665273 3.48 × 10−2

773466_213 10 27673363 3.73 × 10−2

784637_285 10 36590051 4.26 × 10−2

810514_104 11 978573 3.79 × 10−2

822414_51 11 11597339 6.57 × 10−3

840143_190 11 26874077 6.29 × 10−3

846236_271 11 31918101 2.81 × 10−3 Vacuolar-sorting receptor 3-like 15,453
884916_149 12 8517225 3.70 × 10−2
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61. Bartoń, K. “MuMIn”: Multi-Model Inference 2025. Available online: https://CRAN.R-project.org/package=MuMIn (accessed on

10 July 2025).
62. Rochette, N.C.; Rivera-Colón, A.G.; Catchen, J.M. Stacks 2: Analytical Methods for Paired-End Sequencing Improve RADseq-

Based Population Genomics. Mol. Ecol. 2019, 28, 4737–4754. [CrossRef]
63. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. 2010. Available online: https://www.

bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 10 July 2025).

https://doi.org/10.1086/285581
https://doi.org/10.1111/nph.16319
https://doi.org/10.1111/j.1365-2435.2010.01794.x
https://doi.org/10.1186/s12864-015-1331-9
https://doi.org/10.1111/j.1469-8137.2006.01721.x
https://doi.org/10.1038/hdy.2009.134
https://doi.org/10.1534/genetics.113.153783
https://doi.org/10.1016/j.foreco.2013.10.027
https://doi.org/10.1111/mec.13692
https://doi.org/10.1093/jhered/esr023
https://doi.org/10.1038/s42003-023-04967-z
https://doi.org/10.1016/j.geosus.2024.09.002
https://doi.org/10.1007/s10531-025-03093-y
https://doi.org/10.1111/oik.06707
https://doi.org/10.1111/nph.15991
https://doi.org/10.2166/nh.2000.0013
https://doi.org/10.32614/RJ-2017-066
https://CRAN.R-project.org/package=MuMIn
https://doi.org/10.1111/mec.15253
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.bioinformatics.babraham.ac.uk/projects/fastqc/


Forests 2025, 16, 1233 27 of 30

64. Ewels, P.; Magnusson, M.; Lundin, S.; Käller, M. MultiQC: Summarize Analysis Results for Multiple Tools and Samples in a
Single Report. Bioinformatics 2016, 32, 3047–3048. [CrossRef]

65. Li, H.; Durbin, R. Fast and Accurate Short Read Alignment with Burrows–Wheeler Transform. Bioinformatics 2009, 25, 1754–1760.
[CrossRef]

66. Danecek, P.; Bonfield, J.K.; Liddle, J.; Marshall, J.; Ohan, V.; Pollard, M.O.; Whitwham, A.; Keane, T.; McCarthy, S.A.; Davies, R.M.;
et al. Twelve Years of SAMtools and BCFtools. Gigascience 2021, 10, giab008. [CrossRef]

67. Paris, J.R.; Stevens, J.R.; Catchen, J.M. Lost in Parameter Space: A Road Map for Stacks. Methods Ecol. Evol. 2017, 8, 1360–1373.
[CrossRef]

68. Purcell, S.; Neale, B.; Todd-Brown, K.; Thomas, L.; Ferreira, M.A.; Bender, D.; Maller, J.; Sklar, P.; De Bakker, P.I.; Daly, M.J.; et al.
PLINK: A Tool Set for Whole-Genome Association and Population-Based Linkage Analyses. Am. J. Hum. Genet. 2007, 81, 559–575.
[CrossRef]

69. Browning, B.L.; Zhou, Y.; Browning, S.R. A One-Penny Imputed Genome from next-Generation Reference Panels. Am. J. Hum.
Genet. 2018, 103, 338–348. [CrossRef]

70. Vitasse, Y.; Bresson, C.C.; Kremer, A.; Michalet, R.; Delzon, S. Quantifying Phenological Plasticity to Temperature in Two
Temperate Tree Species. Funct. Ecol. 2010, 24, 1211–1218. [CrossRef]

71. Kang, H.M.; Zaitlen, N.A.; Wade, C.M.; Kirby, A.; Heckerman, D.; Daly, M.J.; Eskin, E. Efficient Control of Population Structure in
Model Organism Association Mapping. Genetics 2008, 178, 1709–1723. [CrossRef]

72. Lin, J.; Berveiller, D.; François, C.; Hänninen, H.; Morfin, A.; Vincent, G.; Zhang, R.; Rathgeber, C.; Delpierre, N. A Model of the
Within-Population Variability of Budburst in Forest Trees. Geosci. Model Dev. 2024, 17, 865–879. [CrossRef]

73. Frontiér, S. Étude de La Décroissance Des Valeurs Propres Dans Une Analyse En Composantes Principales: Comparaison Avec Le
Modéle Du Batôn Brisé. J. Exp. Mar. Biol. Ecol. 1976, 25, 67–75. [CrossRef]

74. Jackson, D.A. Stopping Rules in Principal Components Analysis: A Comparison of Heuristical and Statistical Approaches. Ecology
1993, 74, 2204–2214. [CrossRef]

75. Cattell, R.B. The Scree Test for the Number of Factors. Multivar. Behav. Res. 1966, 1, 245–276. [CrossRef]
76. Raj, A.; Stephens, M.; Pritchard, J.K. fastSTRUCTURE: Variational Inference of Population Structure in Large SNP Data Sets.

Genetics 2014, 197, 573–589. [CrossRef]
77. Hamilton, M.B. Population Genetics; Wiley-Blackwell: Hoboken, NJ, USA, 2009.
78. Zhang, C.; Dong, S.-S.; Xu, J.-Y.; He, W.-M.; Yang, T.-L. PopLDdecay: A Fast and Effective Tool for Linkage Disequilibrium Decay

Analysis Based on Variant Call Format Files. Bioinformatics 2019, 35, 1786–1788. [CrossRef]
79. Otyama, P.I.; Wilkey, A.; Kulkarni, R.; Assefa, T.; Chu, Y.; Clevenger, J.; O’Connor, D.J.; Wright, G.C.; Dezern, S.W.; MacDonald,

G.E.; et al. Evaluation of Linkage Disequilibrium, Population Structure, and Genetic Diversity in the US Peanut Mini Core
Collection. BMC Genom. 2019, 20, 481. [CrossRef]

80. Pang, Y.; Liu, C.; Wang, D.; Amand, P.S.; Bernardo, A.; Li, W.; He, F.; Li, L.; Wang, L.; Yuan, X.; et al. High-Resolution Genome-
Wide Association Study Identifies Genomic Regions and Candidate Genes for Important Agronomic Traits in Wheat. Mol. Plant
2020, 13, 1311–1327. [CrossRef]

81. Legendre, P.; Legendre, L. Numerical Ecology, 3rd ed.; Elsevier B.V.: Oxford, UK, 2012.
82. Forester, B.R.; Lasky, J.R.; Wagner, H.H.; Urban, D.L. Comparing Methods for Detecting Multilocus Adaptation with Multivariate

Genotype–Environment Associations. Mol. Ecol. 2018, 27, 2215–2233. [CrossRef]
83. Le Corre, V.; Kremer, A. The Genetic Differentiation at Quantitative Trait Loci under Local Adaptation. Mol. Ecol. 2012, 21,

1548–1566. [CrossRef]
84. Kremer, A.; Le Corre, V.; Petit, R.J.; Ducousso, A. Historical and Contemporary Dynamics of Adaptive Differentiation in European

Oaks. In Molecular Approaches in Natural Resource Conservation and Management; DeWoody, J., Bickham, J., Michler, C., Nichols, K.,
Rhodes, G., Woeste, K., Eds.; Cambridge University Press: Cambridge, UK, 2010; pp. 101–122.

85. Oksanen, J.; Simpson, G.; Blanchet, F.; Kindt, R.; Legendre, P.; Minchin, P.; O’Hara, R.; Solymos, P.; Stevens, M.; Szoecs, E.;
et al. Vegan: Community Ecology Package. 2022. Available online: https://CRAN.R-project.org/package=vegan (accessed on
10 July 2025).

86. Storey, J.D.; Bass, A.J.; Dabney, A.; Robinson, D. Qvalue: Q-Value Estimation for False Discovery Rate Control. 2023. Available
online: https://www.bioconductor.org/packages/devel/bioc/manuals/qvalue/man/qvalue.pdf (accessed on 21 July 2025).

87. Wickham, H. Ggplot2: Elegant Graphics for Data Analysis; Springer-Verlag: New York, NY, USA, 2016.
88. Bodénès, C.; Chancerel, E.; Ehrenmann, F.; Kremer, A.; Plomion, C. High-Density Linkage Mapping and Distribution of

Segregation Distortion Regions in the Oak Genome. DNA Res. 2016, 23, 115–124. [CrossRef]
89. Excoffier, L.; Smouse, P.E.; Quattro, J.M. Analysis of Molecular Variance Inferred from Metric Distances among DNA Haplotypes:

Application to Human Mitochondrial DNA Restriction Data. Genetics 1992, 131, 479–491. [CrossRef]
90. Paradis, E. Pegas: An R Package for Population Genetics with an Integrated–Modular Approach. Bioinformatics 2010, 26, 419–420.

[CrossRef]

https://doi.org/10.1093/bioinformatics/btw354
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/gigascience/giab008
https://doi.org/10.1111/2041-210X.12775
https://doi.org/10.1086/519795
https://doi.org/10.1016/j.ajhg.2018.07.015
https://doi.org/10.1111/j.1365-2435.2010.01748.x
https://doi.org/10.1534/genetics.107.080101
https://doi.org/10.5194/gmd-17-865-2024
https://doi.org/10.1016/0022-0981(76)90076-9
https://doi.org/10.2307/1939574
https://doi.org/10.1207/s15327906mbr0102_10
https://doi.org/10.1534/genetics.114.164350
https://doi.org/10.1093/bioinformatics/bty875
https://doi.org/10.1186/s12864-019-5824-9
https://doi.org/10.1016/j.molp.2020.07.008
https://doi.org/10.1111/mec.14584
https://doi.org/10.1111/j.1365-294X.2012.05479.x
https://CRAN.R-project.org/package=vegan
https://www.bioconductor.org/packages/devel/bioc/manuals/qvalue/man/qvalue.pdf
https://doi.org/10.1093/dnares/dsw001
https://doi.org/10.1093/genetics/131.2.479
https://doi.org/10.1093/bioinformatics/btp696


Forests 2025, 16, 1233 28 of 30

91. Holsinger, K.E.; Weir, B.S. Genetics in Geographically Structured Populations: Defining, Estimating and Interpreting FST. Nat.
Rev. Genet. 2009, 10, 639–650. [CrossRef]

92. Ziemienowicz, A.; Haasen, D.; Staiger, D.; Merkle, T. Arabidopsis Transportin1 Is the Nuclear Import Receptor for the Circadian
Clock-Regulated RNA-Binding Protein AtGRP7. Plant Mol. Biol. 2003, 53, 201–212. [CrossRef]

93. Yan, B.; Wang, X.; Wang, Z.; Chen, N.; Mu, C.; Mao, K.; Han, L.; Zhang, W.; Liu, H. Identification of Potential Cargo Proteins of
Transportin Protein AtTRN1 in Arabidopsis thaliana. Plant Cell Rep. 2016, 35, 629–640. [CrossRef]

94. Bhattacharya, D.P. Study of Small Non-Coding RNAs in Plants by Developing Novel Pipelines. Ph.D. Thesis, Universitäts-und
Landesbibliothek Sachsen-Anhalt, Halle, Germany, 2017.

95. Osuna-Caballero, S.; Rubiales, D.; Rispail, N. Genome-Wide Association Study Uncovers Pea Candidate Genes and Metabolic
Pathways Involved in Rust Resistance. Plant Genome 2024, 17, e20510. [CrossRef]

96. Arimura, G.; Huber, D.P.; Bohlmann, J. Forest Tent Caterpillars (Malacosoma disstria) Induce Local and Systemic Diurnal Emissions
of Terpenoid Volatiles in Hybrid Poplar (Populus trichocarpa × Deltoides): cDNA Cloning, Functional Characterization, and
Patterns of Gene Expression of (-)-Germacrene D Synthase, PtdTPS1. Plant J. 2004, 37, 603–616. [CrossRef]

97. Muñoz-Diaz, E.; Fuenzalida-Valdivia, I.; Darriere, T.; de Bures, A.; Blanco-Herrera, F.; Rompais, M.; Carapito, C.; Saez-Vasquez, J.
Proteomic Profiling of Arabidopsis Nuclei Reveals Distinct Protein Accumulation Kinetics upon Heat Stress. Sci. Rep. 2024, 14,
18914. [CrossRef]

98. Cohen, O.; Borovsky, Y.; David-Schwartz, R.; Paran, I. CaJOINTLESS Is a MADS-Box Gene Involved in Suppression of Vegetative
Growth in All Shoot Meristems in Pepper. J. Exp. Bot. 2012, 63, 4947–4957. [CrossRef]

99. Mao, L.; Begum, D.; Chuang, H.; Budiman, M.A.; Szymkowiak, E.J.; Irish, E.E.; Wing, R.A. JOINTLESS Is a MADS-Box Gene
Controlling Tomato Flower Abscission Zone Development. Nature 2000, 406, 910–913. [CrossRef]

100. Fernandes, P.M. Molecular and Histological Approaches to Unravel Castanea spp. Responses to Phytophthora cinnamomi Infection.
Ph.D. Thesis, Universidade NOVA de Lisboa, Lisbon, Portugal, 2022.

101. Iizasa, S.; Iizasa, E.; Watanabe, K.; Nagano, Y. Transcriptome Analysis Reveals Key Roles of AtLBR-2 in LPS-Induced Defense
Responses in Plants. BMC Genom. 2017, 18, 995. [CrossRef]

102. Chandran, N.K.; Sriram, S.; Prakash, T.; Budhwar, R. Transcriptome Changes in Resistant and Susceptible Rose in Response to
Powdery Mildew. J. Phytopathol. 2021, 169, 556–569. [CrossRef]

103. Szajko, K.; Sołtys-Kalina, D.; Heidorn-Czarna, M.; Smyda-Dajmund, P.; Wasilewicz-Flis, I.; Jańska, H.; Marczewski, W. Transcrip-
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